High finesse Fabry-Perot(FP) cavity is a very important frequency reference for laser stabilization, and is widely used for applications such as precision measurement, laser cooling of ions or molecules. But the non-linear response of the piezoelectric ceramic transducer (PZT) in the FP cavity limits the performance of the laser stabilization. Measuring and controlling such non-linearity are important. Here we report an in-situ, optical method to characterize this non-linearity by measuring the resonance signals of a dual-frequency laser. The differential measurement makes it insensitive to laser and cavity drifting, and has a very high sensitivity. It can be applied for various applications with PZT, especially in an optical lab.
I. INTRODUCTION
Stabilization of the frequency of a laser is a very important technique in modern physics, it has lots of applications such as optical clock [2, 4, 17] , gravitational wave detection [5] , laser cooling of atoms, molecules [12, 15] or ions and ultracold molecule creation [10, 14] .
For laser cooling technique, the lasers are usually required to be stabilized to MHz-level which is narrower compare with the nature linewidth of excited states of atoms, molecules or ions. In atomic case, such as alkali atoms, the atomic transition can be easily monitored in a vapor cell and used as references to lock lasers. But for molecules or ions, it is hard to monitor the transitions. In these cases, transfer cavity is a widely-used, low-cost and easy-setup method [3, 11, 13] .
In order to use the transfer cavity locking method, the cavity needs to be locked to a stable reference first, such as a He-Ne laser. This can be done by monitor the transmission (or reflection) signal while scanning the voltage applied to the piezoelectric ceramic transducer (PZT) of the cavity. The peak (dip) signal indicates the resonant frequency of the cavity, and gives the information of the cavity length. A bias voltage is applied and varied to make sure the resonant position doesn't shift, thus the cavity is locked [1, 6] . Then the target laser can be locked to a different position, the laser frequency is set by,
where f 0 depends on the cavity length without applying a voltage to the PZT, and f (V ) is the voltage-frequency function of the cavity. It depends on the length change of the PZT,
for a confocal cavity (for the confocal cavity the definition of free spectrum range (FSR) is different than the normal cavity, here f F SR = c/4d, d is the cavity length). For the first order perturbation, the length changes linearly with the applied voltage, ∆L(V ) = κ∆V , which is widely used [1, 16] . But for a PZT, the non-linearity always happens. If the bias voltage changes a lot, the error could be serious and affect the laser stabilization. It worths to measure and character such effect. This can be done by using the precise machine to measure the displacement or stress [8, 9] . But this machine is not common in an optical lab, and it is usually hard to take the PZT out for a commercial FP cavity. So an in-situ measurement will be very convenient and useful.
The voltage-frequency function of the PZT response can be measured by using formula (1) . Varying the laser frequency and monitoring the resonant position, we can get a plot of such function. But this direct measurement needs a stable laser (f stable) and a stable cavity (f 0 stable). The shift of either laser or cavity will effect the final result. That is not an easy requirement, both laser and the cavity can slowly drift due to the changes of the temperature, pressure or other noise.
In order to solve such problem, we develop a differential method. Instead of sending the laser with one frequency, we send a laser with two frequencies (with fixed frequency difference ∆f ) to the cavity. Double peaks (dips) will show up in the photon detector (PD).
From the two resonant points, the voltage difference ∆V can be traced. In this way, we get
By taking the differential measurement, the driftings of the laser and the cavity become the common noises and get canceled. A set of differential data can be measured with different bias voltages. So the response function can be reconstructed,
II. EXPERIMENTAL SETUP Figure 1 shows the experimental setup. A laser beam double pass an acoustic-optical modulator (AOM), and then couple to the fiber. The double-pass setup makes the zero order and the two-time +1 order share the almost the same beam path [7] , and both couple to the fiber. In this way, the dual-frequency laser is ready and send to the FP cavity, the repeat this process, we get a plot for df /dV with the voltage V as shown in Fig.2 (a) .
III. DATA ANALYSIS
Figure 2(a) shows the differential data for both 898nm and 860nm lasers. Both cases show the clear slopes which mean non-linearity of the PZT. It can be very well fit with a linear relation. So it is better to assume the frequency-voltage relation is
Since we measure the frequency response instead of length response with V, f (V ) dependents on the wavelength as indicated by formula (2) . As a double check, we define a ratio between two lasers,
Insert of Fig. 2(a) shows the ratio, the different between this ratio and unit is less than 1%, consists with the theory.
In Fig. 2(b) , we reconstruct the frequency-voltage relation using formula (4). we fit the data with both linear and parabola function. The parabola function fits much better, and The data points (black dot) are calculated from (a) with formula (4). The red line is the linear fitting plot, the blue curve is the parabola fitting. The insert shows the difference between the two fittings.
we plot the difference between two fitting function in the insert. The data shows if the bias changes few tens volts, the accumulated error for laser frequency could be few hundred MHz, which is too big for laser cooling technique.
IV. CONCLUSION
In this paper, we report a differential method to measure the non-linear response of the PZT in a FP cavity. The method can not only be used to character the PZT response, but also for in-situ and real time correction for laser stabilization. In this way, the hystersis can be compensated and the long term lock of the laser can be much better. Noise of the laser and the drifting of the cavity is canceled, thus achieve a high sensitivity with a simple setup.
All the experimental components are very common in an optical lab, this method is very suitable for an optical lab, and should be able to applied to various PZT applications.
